The antimicrobial peptide nisin exerts its activity by a unique dual mechanism. It permeates the cell membranes of Gram-positive bacteria by binding to the cell wall precursor Lipid II and inhibits cell wall synthesis. Binding of nisin to Lipid II induces the formation of large nisin-Lipid II aggregates in the membrane of bacteria as well as in Lipid II-doped model membranes. Mechanistic details of the aggregation process and its impact on membrane permeation are still unresolved. In our experiments, we found that fluorescently labeled nisin bound very inhomogeneously to bacterial membranes as a consequence of the strong aggregation due to Lipid II binding. A correlation between cell membrane damage and nisin aggregation was observed in vivo. To further investigate the aggregation process of Lipid II and nisin, we assessed its dynamics by single-molecule microscopy of fluorescently labeled Lipid II molecules in giant unilamellar vesicles using light-sheet illumination. We observed a continuous reduction of Lipid II mobility due to a steady growth of nisin-Lipid II aggregates as a function of time and nisin concentration. From the measured diffusion constants of Lipid II, we estimated that the largest aggregates contained tens of thousands of Lipid II molecules. Furthermore, we observed that the formation of large nisin-Lipid II aggregates induced vesicle budding in giant unilamellar vesicles. Thus, we propose a membrane permeation mechanism that is dependent on the continuous growth of nisin-Lipid II aggregation and probably involves curvature effects on the membrane.
INTRODUCTION
Antimicrobial peptides (AMPs) exhibit activity against bacteria, viruses, and fungi. They are structurally as diverse as their mechanisms of action. However, particularly short (<40 amino acids) cationic AMPs have a common feature: they are disordered in aqueous solution but adopt an amphipathic structure in the presence of micelles and membranes (1) . This enables them to attack bacteria by inserting into the bacterial cell membrane. Self-assembly of the peptides on the bacterial cell membrane can lead to pore formation or membrane disruption. Different membrane-perforation mechanisms exist depending on the orientation of the peptides to the membrane plane. The aggregation of peptides oriented parallel to the membrane plane may lead to a detergent-like solubilization of the membrane (2), whereas peptides, which undergo a transition from a parallel to a perpendicular orientation, are able to form membrane-spanning oligomers such as barrel-stave (3) or toroidal pores (4) . Recent molecular-dynamics simulations suggested that these pores are not as stable and ordered as previously assumed (5) .
Further mechanisms by which AMPs kill target cells include the inhibition of vital biological functions such as cell wall biosynthesis and the synthesis of DNA, RNA, and specific proteins (1) . The positively charged lantibiotic nisin displays a unique killing mechanism on Gram-positive bacteria by binding to a specific cell membrane target. This target, Lipid II, is a component of the cell wall biosynthesis machinery. It is composed of the membrane anchor undecaprenyl-pyrophosphate, two phosphate groups, and a peptidoglycan subunit.
Nisin belongs to the pore-forming class I bacteriocins, and its membrane-permeating capability was shown to be increased by two orders of magnitude when Lipid II was present in the membrane (6) . Based on structural studies of the nisin-Lipid II complex, investigators proposed the following pore-formation mechanism: First, nisin would bind to Lipid II with the two lanthionine rings of its N-terminus, thus forming a pyrophosphate cage around the headgroup of Lipid II (7) . The flexible hinge region in the center of the nisin molecule would then allow insertion of its C-terminus into the membrane, probably accompanied by a change from a parallel to a transmembrane orientation of the peptide (8) . Accumulation of these complexes in the membrane would finally lead to stable pores, as suggested by black lipid membrane studies (9) . The stoichiometry of nisin and Lipid II required for maximal pore formation was determined to be 2:1 (10) .
Yet, in the bacterial cell, binding of nisin to Lipid II not only leads to pore formation but also inhibits cell wall biosynthesis due to interruption of the multienzymatic peptidoglycan production cycle (6) . This inhibition is caused by the segregation of Lipid II by nisin. Large aggregates of fluorescently labeled nisin were observed on Lipid II-containing membranes of giant unilamellar vesicles (GUVs) as well as on the bacterial cell membrane (11) . In vitro analysis showed that the efficiency of nisin membrane permeation correlated with aggregate size (12) . The brightness of aggregates of fluorescently labeled nisin in vitro as well as in vivo indicates a high number of accumulated nisin molecules and therefore a strong aggregation tendency of nisin and Lipid II. This raises a question about the functional relevance of stable pores of a finite and relatively small size, comprising only a few molecules (13) .
Therefore, we first analyzed the possible biological relevance of large aggregates with regard to the killing effect of nisin. Cells of Bacillus subtilis were incubated with fluorescently labeled nisin. Nisin bound inhomogeneously to the bacterial membranes and induced the formation of aggregates of different sizes. Cell death directly correlated with the existence of large aggregates in the membrane. To gain further insight into the aggregation and perforation process, we then studied the dynamics of Lipid II aggregation and estimated the aggregate size by a quantitative analysis. To this end, we examined the motion of single, fluorescently labeled Lipid II molecules in GUVs upon addition of nisin by means of light-sheet fluorescence microscopy (LSFM) (14) . We observed that the mobility of Lipid II molecules was reduced continuously due to an increasing size of the Lipid II-nisin aggregates. The reduction in mobility was dependent on the interaction time and nisin concentration. From the measured diffusion coefficients, we were able to estimate the corresponding aggregate sizes. Furthermore, the nisin-induced aggregation of Lipid II also led to GUV destruction and shrinking due to vesicle budding. Thus, we propose that the killing mechanism of nisin involves severe structural membrane deformations due to Lipid II-nisin aggregation.
MATERIALS AND METHODS

Chemicals and compounds
All chemicals used in this work were of analytical grade or better. Low melting point agarose (AppliChem, Darmstadt, Germany) was used to prepare agarose pads for immobilization of bacteria. SYTOX Green nucleic acid stain (Invitrogen, Karlsruhe, Germany) was used for cell viability staining of bacteria. The phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) were purchased from Avanti Polar Lipids (Alabaster, AL) and used without further purification. Lipids were dissolved in chloroform to a final concentration of 1.3 mM. Undecaprenyldiphosphate (C 55 -PP) was purchased from Larodan (Malmo, Sweden) and used for Lipid II synthesis. Alexa Fluor 546-NHS-ester (AF546; Invitrogen) and Atto647-NHS-ester (Atto647; Sigma Aldrich, Schnelldorf, Germany) were used for lipid labeling. Nisin was labeled with Alexa Fluor 647-hydrazide (AF647; Invitrogen). The hydrophilic dye Lucifer Yellow (LY) was purchased from Invitrogen.
At least four natural variants of nisin are known (15) (16) (17) (18) . In our studies, we used nisin Z and simply refer to it as nisin and, for the fluorescently labeled molecule, nisin-AF647. Nisin was purified from culture superna-tants of Lactococcus lactis NIZO22186 (19) by chloroform extraction and high-performance liquid chromatography (20) . Purified nisin was lyophilized and stored at À20 C. Stock solutions were prepared in 0.005% acetic acid. The carboxyl group of nisin was labeled with AF647 and the compound was purified according to Scherer et al. (12) . The lipid-bound cell wall precursor Lipid II was synthesized in vitro and purified as described previously (21) . All reaction products were extracted by butanol/6M pyridine acetate, pH 4.2, and analyzed by thin-layer chromatography (TLC). Lipids were fluorescently labeled by coupling AF546-NHS-ester or Atto647-NHS-ester to the amino group of the phospholipid POPE, and Atto647-NHS-ester to the amino group of the lysine residue of Lipid II. For POPE labeling, the reaction was carried out with 30 nmol POPE and an equimolar amount of dye in chloroform/methanol (2:1, v/v) for 1 h at room temperature upon addition of 15 molar equivalents of triethylamine (NEt 3 ) according to Moumtzi et al. (22) . Separation of labeled and nonlabeled lipids was achieved by preparative TLC using chloroform/methanol/water (65:25:4, v/v/v) as solvent. Then, 5 nmol Lipid II was labeled with 2.5 molar equivalents of dye in chloroform/methanol/ N,N-diisopropylethylamine (5:5:1, v/v/v). The assay was briefly mixed and incubated for 1 h at room temperature with gentle agitation. Separation of labeled and nonlabeled lipids was achieved by preparative TLC using chloroform/methanol/water/ammonia (88:48:10:
The bands corresponding to the labeled lipids were scratched from the TLC plates and the desired products were extracted from the silica using methanol.
Fluorescence microscopy of bacteria
A culture of B. subtilis 168 was grown in lysogeny broth (LB) medium at 37 C to an OD 600 of 0.25. Cells were centrifuged, washed with M9 medium, and resuspended in 1/10 of the starting volume. Then, 10 mL of concentrated cells in M9 medium were incubated for 5 min with 1.5 mM nisin-AF647, and 1 ml of the treated cells was applied on an agarose pad (1% low melting point agarose in M9 medium, 50 nM SYTOX Green). The inverted agarose pad was then placed in a microscopy chamber (MatTek, Ashland, MA) and imaged with an inverted microscope using an 100Â objective lens with an NA 1.46 (Zeiss, Jena, Germany) and a 4Â magnifier onto an EMCCD camera (iXon DU-897D; Andor Technology, Belfast, Northern Ireland); 2 Â 2 binning during acquisition resulted in a pixel size of 80 nm. Images were taken 15-25 min after immobilization. Images were recorded using transmitted light as well as laser excitation at 488 nm (Sapphire-100; Coherent, Santa Clara, CA) for SYTOX Green and 640 nm (Cube640-40C; Coherent) for nisin-AF647. Fluorescence was filtered using the appropriate notch filters (NF03-488E-25 and NF01-633-U-23.7-D; both Semrock, Lake Forest, IL). To analyze the correlation between cell damage and nisin aggregation, we calculated the maximum intensities of SYTOX Green and nisin-AF647 for 80 cells by determining the maximum pixel intensity of single cells.
GUV and sample preparation
GUVs were prepared by electroformation (23, 24) in 250 mM sucrose solution as described previously (25) . Vesicles consisted of POPC or a mixture of POPC and 0.2 mol % Lipid II. Labeled probes were added to observe the GUV membrane (10 À3 mol % POPE-AF546 or POPE-Atto647) and for single-particle tracking (10 À6 mol % POPE-Atto647 or Lipid II-Atto647). For measurements, 250 mM glucose solution in deionized water was mixed with nisin or nisin-AF647 before GUV addition, and GUVs were diluted 1:8.25 in this mixture. For translocation experiments, 20 mM of the tracer dye LY was mixed with the nisin-sugar solution before addition of GUVs. In the microscopy chamber, GUVs sedimented due to the density difference between the sucrose and glucose solutions. Data acquisition was started after a 5 min incubation period, during which time the vesicles resided in a stable position at the chamber bottom.
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GUV imaging
GUVs were transferred to a custom-made sample chamber (26) and imaged by LSFM. Fluorescence was excited by illumination with either one of three laser lines (488 nm (Sapphire-100; Coherent), 640 nm (Cube640-40C; Coherent), and 532 nm (LasNova GLK 3250 T01; LASOS Lasertechnik, Jena, Germany)) in a thin sheet (2.2 mm full width at half-maximum (FWHM)) orthogonal to the detection axis. For tracking experiments, the upper surface of the GUVs was observed. Fluorescence was collected by a high numerical aperture objective lens (CFI Apo LWD Lambda S 40Â NA 1.15; Nikon, Tokyo, Japan), filtered using the appropriate notch (NF01-633-U-23.7-D; Semrock) and band-pass (z532/640m; Chroma, Bellows Falls, VT) filters, and detected with an EMCCD camera (iXon DV-860; Andor Technology). An additional 2.5Â magnification lens led to a pixel size of 240 nm. Movies with 2000 images at a frame rate of 95 Hz were recorded in frame transfer mode.
For translocation measurements, fluorescence was imaged at lower magnification (Plan Fluor 20Â NA 0.5; Nikon) through an appropriate notch filter (NF01-488-U-23.7-D; Semrock) onto a pco.edge sCMOS camera (pco.edge; PCO, Kelheim, Germany). An image was taken every 30 s over a period of 20 min. Membrane perforation of nisin was quantitatively analyzed by the translocation of LY across GUV membranes. The fluorescence intensities inside, F in , and outside, F out , of GUVs with a radius larger than 20 mm were determined at 7.5, 12.5, 17.5, and 22.5 min after addition of nisin using ImageJ (27) . The ratio F in /F out was used as a measure for membrane permeation.
Volumetric imaging was performed at lower magnification (CFI Plan Fluor 10Â NA 0.30; Nikon) and with a light sheet of 10 mm thickness (FWHM) using the pco.edge camera. One image stack per minute was obtained by moving the sample through the light sheet and acquiring an image every 1 mm. The total acquisition time per stack was 4 s. For simultaneous detection of two colors, a dual emission image splitter (OptoSplit II; Cairn Research Ltd, Faversham, UK) was inserted in front of the pco.edge camera. A dichroic mirror (FF662-FDi01-25x36; Semrock) and a band-pass emission filter (ET560/80M, Chroma) were used to separate the emission channels. Image separation was adjusted so that the camera chip was fully illuminated and the two spectrally resolved images covered equal areas. To measure the vesicle radius as a function of time, radii of GUVs were determined manually from sum projections of individual stacks.
Single-particle tracking and analysis
Particles were tracked using Diatrack (Semasopht, Chavannes, Switzerland). Curve fitting was performed with Origin (OriginLab, Northampton, MA). All further data evaluation was performed using either Origin or MATLAB (The MathWorks, Natick, MA).
First, trajectories were grouped into time intervals. For each time interval, a mean-square displacement (MSD) curve was determined and fitted as previously described (28) . For all trajectories with more than two jumps, square displacements r 2 (nDt) (Dt ¼ inverse frame rate) were calculated for all differences of the running index n ¼ 1, ., N À 1. The MSDs <r 2 (nDt)> were determined by averaging all available square displacements of identical values nDt and plotted against time. Diffusion coefficients D were finally obtained by fitting the data to <r 2 (nDt)> ¼ 4DnDt (28) .
Diffusion coefficients were also calculated from histograms of the jump distances (JDs) r according to
with A i ð P m i¼1 A i ¼ 1Þ (29) designating the relative fractions of the diffusion coefficients D i that corresponded to different diffusive species or states.
Similarly, the cumulative distribution of the square displacements r 2 (28) could be fitted with the following function:
avoided a possible loss of information and bias introduced by histogram binning. We calculated P 0 ðr; DtÞ by counting the number of values % r 2 and normalizing to the total number of data points (29) . For both evaluation methods, only trajectories with more than two jumps were considered.
To determine the distribution of diffusion coefficients D, we determined D from an MSD analysis of single trajectories by linear curve fitting of the first three data points. The shortest trajectories sometimes yielded negative or very large D values. The fit results of these short trajectories were characterized by low values for the goodness of fit assessed by the normalized c 2 value. Thus, only results with c 2 > 0.9 were taken into account. The goodness of fit c 2 was determined as c 2 ¼ 1 -SSE/SST (where SSE is the summed square of residuals and SST is the total sum of squares) and could take values of zero to one.
Determination of aggregate size
For the calculation of lipid radii from the diffusion coefficients D, we used the classical expression derived by Saffman and Delbrück (30):
where T is the temperature, h is the membrane thickness, m m is the membrane viscosity, m w is the viscosity of the surrounding medium, R is the particle radius, and Euler's constant g ¼ 0.577215. However, this widely used model is only valid for small objects embedded in a membrane. A more general model was developed by Hughes et al. (31) . This model is also valid for larger objects, but requires a numerical computation of D. An analytical approximation was proposed by Petrov and Schwille (32):
We used this expression to estimate the radii of Lipid II-nisin aggregates by numerically solving for R.
RESULTS
Several previous studies investigated the pore-formation mechanism of small nisin oligomers as a putative cause of cell death (6, 9, 13) . Hasper et al. (11) discovered the formation of large nisin aggregates both in vitro and in vivo, and suggested an alternative killing mechanism by which nisin inhibits cell wall biosynthesis in bacterial cells by segregating Lipid II.
Aggregate formation in vivo
To examine the biological relevance of large nisin-Lipid II aggregates, we incubated cells of B. subtilis with 1.5 mM of nisin-AF647. Membrane integrity and cell viability were examined with the use of SYTOX Green. Due to its Biophysical Journal 108(5) 1114-1124 three positive charges, this dye is not membrane permeant; rather, it only penetrates damaged membranes and then specifically stains nucleic acids. Thus, it can be used as marker for membrane disruption and dead cells (33) . Fig. 1 A shows example images of immobilized cells incubated with nisin-AF647. Generally, the distribution of the peptide in the cell membrane was not homogeneous, and instead aggregates with different intensities and dimensions were visible. Cells exhibiting aggregates of low fluorescence intensity did not show any damage as judged by a missing SYTOX Green signal. Only bright and thus large aggregates caused membrane disruption and cell death as indicated by increased SYTOX Green fluorescence. Large aggregates were mostly detected in the centers of cells (where the septum is formed) and at cell poles, both regions of Lipid II synthesis and activity. The visual impression was corroborated by a quantitative analysis of the maximum intensity of SYTOX Green and nisin-AF647 in 80 bacterial cells Biophysical Journal 108(5) 1114-1124 ( Fig. 1 B) . The plot demonstrated that an increase in SYTOX Green fluorescence was only observed for cells that exhibited a nisin-AF647 intensity beyond a certain threshold. We did not observe an increased SYTOX Green fluorescence without the presence of discernible nisin aggregates. This suggested that a minimum aggregate size was required to efficiently disrupt the membranes and kill the cells.
Mobility of lipid tracers and single Lipid II molecules
To investigate the aggregation process of nisin under wellcontrolled conditions, we used GUVs as a membrane model system. First, we characterized the model system by measuring the membrane viscosity and effective radius of Lipid II. Membrane viscosity and particle size determine molecular mobility in membranes. Therefore, we determined the mobility of fluorescently labeled POPE and Lipid II molecules in GUV membranes formed by POPC ( Fig. 2 A) . Light-sheet illumination provided intrinsic optical sectioning and enabled single-molecule observation with an exceptionally high signal/noise ratio (SNR) (26) .
We measured the diffusion coefficients of Lipid II-Atto647 and POPE-Atto647 by single-molecule tracking in the upper bilayer of the GUVs (Fig. 2 B; Movie S1 in the Supporting Material). We performed these measurements using a very high dilution of labeled lipids in the membrane (10 À6 mol %), which allowed us to observe and track spatially well-separated single-molecule signals. We evaluated diffusion coefficients D MSD from the timedependent MSD, D CD from the cumulative distributions of square displacements, and D JD from the JD histograms. The data are shown in Fig. S1 A. The diffusion coefficients thus determined are summarized in Table S1 . To determine the membrane viscosity, we used POPE-Atto647 as a tracer molecule. We supposed that diffusion of POPE-Atto647 was determined only by the lipid tails in the membrane, which were the same as observed for POPC. For POPE-Atto647, we obtained diffusion coefficients with slightly higher values than those obtained for Lipid II-Atto647, probably due to a smaller effective molecular radius of the phospholipids compared with Lipid II (Table S1 ; Fig. S1 B) .
Applying literature values for the membrane thickness (h ¼ 3.98 nm) and lipid area (a ¼ 0.63 nm 2 , R POPC ¼ 0.45 nm for a circular area) of POPC bilayers (34) , the viscosity of 250 mM sugar solutions (m w ¼ (1.16 5 0.14) Â 10 À3 Pa$s at 20 C) (35) , and a diffusion coefficient D CD ¼ 5.1 5 0.03 mm 2 /s for POPE-Atto647, we calculated a POPC membrane viscosity of m m,POPC ¼ 0.106 Pa$s using Eq. 3. Correspondingly, the effective radius of Lipid II-Atto647 was determined as R LII ¼ 0.59 5 0.23 nm.
In later experiments, we used a higher Lipid II concentration in the membrane to study aggregation upon addition of nisin. To approximate the Lipid II concentration in bacterial membranes where the maximal ratio of Lipid II/phospholipids was determined as 1:100 (36), we incorporated 0.2 mol % nonfluorescent Lipid II into POPC GUVs in addition to the 10 À6 mol % Lipid II-Atto647. This yielded a Lipid II/phospholipid ratio of 1:500, whereas only one out of 200,000 Lipid II molecules carried a fluorescent label. We speculated that this (higher) Lipid II concentration might alter the overall membrane viscosity. To test for this and for possible interactions among the Lipid II molecules, we again measured the mobility of POPE-Atto647 and Lipid II-Atto647 in these bilayers (Fig. S1, C and D) . The obtained diffusion coefficients reflected a slightly increased mobility of both molecules compared with pure POPC bilayers (Table S1 ). We calculated the membrane viscosity of the GUVs containing 0.2 mol % Lipid II using the same literature values as before, under the assumption of unaltered lipid area and membrane thickness, and obtained a reduced value of m m,LII ¼ 0.097 Pa$s. Since the increase in the value of the diffusion coefficients was observed for both Lipid II-Atto647 and POPE-Atto647, a specific interaction between individual Lipid II molecules was excluded.
We attribute the slight decrease in membrane viscosity to the relatively high number of Lipid II molecules. Their long, highly flexible bactoprenol tail is known to increase the disorder in bilayer organization (37) , which probably increases the membrane fluidity. Again, Lipid II-Atto647 exhibited a lower diffusion coefficient than POPE-Atto647. For all further measurements, membranes with 0.2 mol % Lipid II were prepared.
Nisin-induced mobility reduction of Lipid II
Next, we examined Lipid II mobility after addition of nisin to Lipid II-containing GUV membranes as a function of time. Two different concentrations of nisin, 0.2 mM and 1.5 mM, were added to the vesicles, resulting in nisin/Lipid II ratios of 4:1 and 30:1, respectively. The minimum inhibitory concentration (MIC) of nisin Z is in the range of 5-300 nM depending on the tested bacterial strains (38) . Thus, the concentration of 0.2 mM nisin resides well in that range, whereas 1.5 mM nisin provides a concentration at least 5-fold higher than the MIC. An excess of nisin over Lipid II was chosen in both cases to ensure that aggregate formation would be detectable. For each concentration, six different samples were prepared, and in each sample the mobility of Lipid II-Atto647 was measured on three to five different GUVs. Measurements began 5 min after addition of nisin and continued for 20 min. Trajectories were binned in 5 min time intervals to yield sufficient statistical information for the analysis. We evaluated the trajectories using different approaches because each method revealed a different aspect of the physical processes reflected by the changes in Lipid II mobility.
First, mean diffusion coefficients were evaluated for each time interval from the respective MSD curve (Fig. 3 ). For both nisin concentrations, a time-dependent decrease of Lipid II mobility was found. The mobility reduction was most likely due to the increasing size of the molecular aggregates formed by nisin and Lipid II. The effect was more pronounced for the higher nisin concentration. The values of the diffusion coefficients D MSD are summarized in Table 1 .
MSD curves provide only mean diffusion coefficients. A more detailed picture can be obtained from the distributions of the diffusion coefficients because they also reflect the size distribution of the diffusing species. Thus, we calculated the diffusion coefficients of single Lipid II trajectories as described in Materials and Methods. The results were plotted as cumulative distribution functions (Fig. S2 ).
Since single-molecule trajectories are of a stochastic nature, the diffusion coefficients varied largely even without addition of nisin. However, changes upon nisin addition compared with this zero level were clearly observed. As expected, the distributions showed a continuous shift toward lower diffusion coefficients with increasing incubation time. Again, this effect was more pronounced for the higher nisin/Lipid II ratio. The addition of nisin led to an increase in the number of trajectories with lower diffusion coefficients, indicating a continuous growth in the number of aggregates in time.
Lipid II-nisin aggregates contain thousands of molecules
We then analyzed the JD distributions of the trajectories that accumulated during the different time intervals to identify different fractions of mobile species. Fig. S3 presents the cumulative distributions of the squared JDs fitted by Eq. 2. To minimize parameter correlations between the fitting parameters A i and D i , we reduced the number of free parameters by sharing the diffusion constants D i among all eight distributions in a global fit (39) . Three mobility fractions were required to satisfactorily describe the combined data set with diffusion constants D 1 ¼ 5.1 5 0.02 mm 2 /s, D 2 ¼ 2.6 5 0.05 mm 2 /s, and D 3 ¼ 0.3 5 0.02 mm 2 /s. Fig. 4 A shows example trajectories representing the diffusion coefficients D 1 , D 2 , and D 3 . JD distributions provide a way to depict these diffusion coefficients D i and their relative fractions A i . Fig. 4 B shows the distribution corresponding to single Lipid II molecules, which could well be represented by the diffusion coefficient D 1 alone. Therefore, we attributed D 1 to the diffusion of single Lipid II-Atto647 molecules. The diffusion coefficients D 2 and D 3 were ascribed to intermediate and large nisin-Lipid II aggregates, respectively.
Differences in Lipid II-AF647 diffusion after addition of nisin were visible in the JD distributions (Fig. 4, C and D; see Fig. S4 for additional time intervals). The relative Fig. S5 ). Isolated Lipid II-Atto647 molecules represented by A 1 were less frequently observed as the experiment progressed. The effect was more pronounced and occurred faster for the higher nisin concentration. Simultaneously, the contribution of the second fraction A 2 (D 2 ¼ 2.6 mm 2 /s), representing intermediate aggregate sizes, increased. The third diffusion coefficient D 3 ¼ 0.3 mm 2 /s was found with a fraction A 3 of 5% only for the high nisin/Lipid II ratio of 30:1 after 20 min incubation. We concluded that the existing intermediate aggregates continued to grow into large aggregates in the presence of 1.5 mM, but not in the presence of 0.2 mM nisin, during the observation period of 20 min. Equation 3 predicts a logarithmic relationship between the particle radius and diffusion coefficient. However, the model holds only for molecules with a radius smaller than the hydrodynamic length scale l ¼ ðh,m m =m w Þ (31), such as lipids and proteins. Since this was not the case for Lipid II-nisin aggregates, we determined the corresponding particle radii R by means of the analytical expression of Petrov and Schwille (32) given in Eq. 4.
We assumed R 1 z R LII z 0.6 nm and obtained an averaged radius of R 2 ¼ 19 nm for the intermediate aggregates and R 3 ¼ 1.1 mm for the large aggregates. Of course, the appropriate approach would be to use a continuous distribution of aggregate radii to fit the data; however, since we had no information about the correct model to describe the size distribution, we preferred this heuristic approach.
We further assumed that aggregates occupied circular areas with radii R 2 and R 3 in the membrane and estimated the number of Lipid II molecules contained within them as the maximum number of circles with radius R 1 ¼ 0.6 nm that fit into circular areas with radii R 2 and R 3 (40) . This method suggests that~850 Lipid II molecules were contained in the intermediate aggregates (R 2 ) and 1.75 Â 10 6 were contained in the large aggregates (R 3 ).
These numbers are certainly crude estimates, but they indicate the very large numbers of Lipid II molecules that are required to form aggregates with the observed low mobility.
Nisin-induced aggregation of Lipid II causes membrane budding and GUV destruction
The above-shown mobility studies demonstrated the occurrence of large molecular clusters of membrane-anchored Lipid II with nisin. It is well known that clustering of membrane-bound molecules can lead to distortions of membrane curvature, which can result in membrane rupture and vesicle budding (41, 42) . In an earlier study, we observed vesicle budding in Lipid II-containing GUVs upon addition of nisin, but only using bright-field microscopy (12) . Therefore, vesicle budding could not directly be related to the presence of Lipid II and nisin aggregates at the respective membrane sites. By fluorescently labeling GUVs containing 0.2 mol % Lipid II by POPE-AF546, we created contrast for confocal fluorescence microscopy. In the presence of 0.2 mM nisin-AF647 (nisin/Lipid II ratio 4:1), small aggregates of nisin-AF647 were observed in the membrane, partly colocalizing with small POPE-AF546 lipid clusters ( Fig. 5 A) .
In the presence of 1.5 mM nisin-AF647 (nisin/Lipid II ratio 30:1), notably stronger clustering and extensive membrane deformations were observed (Fig. 5 B) . We observed very bright nisin-AF647 aggregates colocalizing with severe membrane deformations, often resulting in vesicle budding. Interestingly, vesicles formed in both directions, mostly into the exterior but also into the interior of the GUVs (see also Fig. S6 ).
We presumed that the strong membrane deformations would simultaneously affect GUV stability. Therefore, we monitored the number of GUVs with a radius R > 10 mm, N GUV, over time after addition of GUVs to the nisin-containing glucose solution (Fig. 5 C) . Measurements began In contrast to this, approximately one-third of the initially large GUVs shrank in diameter or collapsed after addition of 1.5 mM nisin and a 25 min incubation. The size reduction was caused either by shape changes due to vesicle budding or by the spontaneous collapse of GUVs (Fig. 5 D) . Incubation with 1.5 mM nisin caused the collapse of nine out of 50 GUVs.
Membrane permeation efficiency depends on the nisin/Lipid II ratio
Finally, we tested the membrane integrity by using a translocation assay to correlate membrane deformation and a putative leakiness. Membrane perforation was quantitatively analyzed in dependence on the nisin/Lipid II ratio as described previously (12) . The translocation of a tracer molecule, the hydrophilic dye LY, was measured by confocal microscopy as a function of time by determining the ratio of its intensity inside the GUVs, F in , and the intensity outside the GUVs, F out . Example time series are shown in Fig. S7 . Values of the ratio F in /F out were averaged for 30 GUVs for each nisin concentration ( Fig. 5 E) . An increasing perforation of the GUV membrane over time was observed for both nisin concentrations. Upon addition of 0.2 mM nisin, perforation of Lipid II-containing GUVs was observed, as indicated by a mean fluorescence ratio <F in /F out > ¼ 0.43, after a 25 min incubation. The permeation kinetics differed strongly for individual GUVs (12) . Not all GUVs were permeated after 25 min. Upon addition of 1.5 mM nisin, however, a mean ratio of <F in /F out > z 1 was measured after a 25 min incubation, indicating an almost complete equilibration between the GUV interior and exterior for all analyzed GUVs.
These observations show that GUVs were permeated efficiently even at low nisin concentrations, and this did not always lead to visible membrane deformations and never led to vesicle shrinking or destruction of GUVs. Obviously, membrane perforation could occur before notable vesicle budding. However, membranes were very efficiently perforated when more nisin and thus larger aggregates were present and visible membrane perturbations occurred.
DISCUSSION
The lantibiotic nisin is an AMP whose antimicrobial capacity relies on specific binding to bacterial Lipid II. Hasper et al. (11) imaged fluorescently labeled nisin on fixed cells and observed the formation of large nisin aggregates on the bacterial cell membranes. However, these authors could not clearly reveal the biological impact of the formation of large aggregates. In a recent study (12) we showed that in these nisin aggregates, large numbers of Lipid II molecules always colocalize. Here, we analyzed the biological relevance of aggregate formation between nisin and Lipid II in membranes of B. subtilis and in vitro. Biological relevance of nisin-Lipid II aggregates Fluorescence microscopic imaging revealed that nisin aggregation occurred within 20 min after binding to bacterial cells and resulted in high local concentrations of fluorescent nisin. Using a membrane-impermeant fluorescent marker, we correlated membrane integrity and cell viability with nisin aggregation. Membrane damage and cell death were found only above a certain nisin aggregate intensity. This suggested that membrane damage and cell death appeared after nisin aggregates reached a certain size, and demonstrated the biological importance of large-scale aggregation for the killing mechanism of nisin.
The number of Lipid II molecules in Gram-positive bacteria is estimated to be 35,000-200,000 molecules per cell (43) . In the exponential growth phase, Lipid II is located at the septum of B. subtilis (44) , where it is produced by the protein complexes of the cell wall biosynthesis machinery. Accordingly, large nisin aggregates were found at regions of Lipid II synthesis and activity, namely, in the middle and the poles of the cells where cell division and cell elongation take place, respectively. It was not straightforward to determine the number of fluorescent nisin molecules in the aggregates in the bacterial membranes. Therefore, we turned to study the nisin-induced aggregation process in GUV membranes that contained fluorescently labeled Lipid II molecules, and analyzed the effect of nisin on Lipid II mobility and GUV integrity by high-speed fluorescence microscopy.
Size of nisin-Lipid II aggregates
The relation between diffusion coefficient and particle size (32) allowed us to determine the effective radii of nisin-Lipid II aggregates in GUV membranes containing POPC. We assessed the number of molecules contained in the aggregates by using a simple geometric approximation. We found that~800 and up to 10 6 Lipid II molecules were contained in intermediate and large aggregates with effective radii of 19 nm and 1 mm, respectively. In the estimate, we neglected the area contribution of nisin as well as phospholipid molecules, which most probably were also contained in the aggregates. Nevertheless, the dimension of the given numbers revealed that the Lipid II content in the aggregates is several orders of magnitude higher than predicted for nisin-Lipid II oligomers in a previous pore model (13) .
Aggregation of nisin and Lipid II
To elucidate the kinetics of the aggregation process of nisin-Lipid II complexes, we measured the diffusion of Lipid II particles and attributed the changes in mobility states to a growth of nisin-Lipid II aggregates. We found that Lipid II mobility in GUV membranes steadily decreased over 20 min in the presence of nisin. The effect was more pronounced at a higher nisin/Lipid II ratio.
In our measurements, we observed no specific intermolecular interactions between Lipid II molecules alone in the POPC bilayers. One nisin probably binds only a single Lipid II molecule (6) , and a direct cross-linking between several molecules is hard to imagine. Rather, we observed a situation comparable to an ideal two-dimensional solution with Lipid II as solute and POPC as solvent. The binding of nisin to the pyrophosphate group of Lipid II induced its aggregation, converting an ideal solution to a real solution in which interactions between the solute molecules exist. If in such solutions the interaction energy of the solute is large enough to overcome the translational entropy, segregation of the solute will take place. Membrane-mediated forces alone may be responsible for such a segregation. These could be generated by conformational changes of nisin (7) upon binding to Lipid II, leading to deeper insertion of Lipid II into the membrane (8, 37) . Insertion of amphipathic peptides into lipid bilayers enhances the interfacial energy of the bilayer, which can lead to phase separation into peptide-enriched and peptide-depleted phases according to theoretical calculations of Zemel et al. (45) , to again minimize free energy. Accordingly, experiments using the distance-dependent self-quenching of fluorescently labeled peptides proved the clustering and arrangement of peptides in ordered mesophases with increasing membrane concentration (46) . Furthermore, simulations indicated that curvature induction could also be a driving force for peptide aggregation. Reynwar et al. (47) showed that after a minimal local bending was reached, the clustering of model proteins was induced without specific interactions.
Effect of aggregation on membrane shape
Upon addition of nisin to the Lipid II-containing GUVs, we observed the formation of vesicle buds. This indicated that bilayer organization was heavily affected by the progressive aggregate growth. Induction of membrane curvature due to asymmetric adsorption of particles is well known and depends on the size of the absorbed particles (48) . Theoretically, it was predicted that after a critical aggregate size is reached, vesicle buds form as a consequence of bending energy minimization (49) . Indeed, we noted that formation of large nisin-Lipid II aggregates at GUV membranes was reqiured to provoke vesicle budding. Membrane shape transformations, such as vesicle budding, often destroy the barrier function of membranes.
Aggregate size and membrane permeation capacity
Membrane permeability was assessed by confocal imaging of the fluorescent tracer LY outside and inside of single GUVs. These experiments revealed that increasing the nisin/Lipid II ratio from 4:1 to 30:1 not only led to the formation of larger aggregates but also increased membrane Biophysical Journal 108(5) 1114-1124 permeation. For the lower nisin concentrations,~50% equilibration was reached on average after 25 min, whereas for the high nisin concentration, virtually all GUVs were perforated and completely equilibrated.
In contrast to this, previous fluorescence spectroscopic measurements on DOPC large unilamellar vesicles (LUVs) doped with pyrene-labeled Lipid II showed that saturation of excimer formation was reached at a nisin/ Lipid II ratio of 2:1 (13), and membrane permeation activity was not further increased with higher nisin/Lipid II ratios (6) . We suspect that membrane permeation depends not only on the nisin/Lipid II ratio but also on the intrinsic membrane curvature, which is much higher in LUVs than in GUVs. Hence, the formation of small aggregates might be sufficient to cause membrane deformations in smaller vesicles.
In addition, earlier black lipid membrane studies indicated the formation of stable nisin-Lipid II pores with an average channel diameter of 2-2.5 nm (9). The existing model describes the channel structure as a classical pore consisting of four Lipid II and eight nisin molecules with a transmembrane orientation (8, 13) . These results suggest that indeed very small oligomeric Lipid II-nisin aggregates would lead to the membrane permeation effects that occurred in our experiments. However, a back-of-the-envelope calculation rules out the possibility that small pores containing only a few Lipid II molecules could cause the observed membrane permeability for LY. An average GUV with a diameter of 20 mm comprised~2 Â 10 9 phospholipids and 4 Â 10 6 Lipid II molecules. It was found that 2 Â 10 6 Lipid II molecules were located on the GUV outside, and 80% of these formed a 1:1 complex in the presence of 0.2 mM nisin, assuming a binding constant K b ¼ 2 Â 10 7 M À1 (6). This yields a total number of 1.6 Â 10 6 Lipid II-nisin complexes in the outer GUV monolayer. Estimation of the transport capacity of a single pore (inner B, 2 nm) for the tracer LY (molecular B, 1 nm) yields a time span of 20-25 min until equilibration due to diffusive transport between the GUV exterior and interior (50) (51) (52) . The presence of 100 pores would reduce this time to only 15 s. Thus, if the transport were to occur via such small (but presumably frequent) pores, equilibration would take place within seconds, and not within 25 min. Hence, our translocation data clearly argue against a role of small oligomeric channels.
CONCLUSIONS
In summary, we conclude that three experimental results argue for a biological relevance of large Lipid II-nisin aggregates: 1) the strong correlation among large nisin aggregates, bacterial cell death, and membrane disruption; 2) the rapid growth of nisin-Lipid II aggregates comprising hundreds of molecules in vitro; and 3) the slow permeation of GUVs for tracer molecules in the presence of high numbers of Lipid II-nisin complexes.
SUPPORTING MATERIAL
Seven figures, one table, and one movie are available at http://www. biophysj.org/biophysj/supplemental/S0006-3495(15)00114-9.
